Aim: Characterizing macroecological patterns in biodiversity is key to improve our understanding of community assembly. Global biodiversity for many taxa follows a latitudinal gradient, with increased diversity in tropical latitudes. Less is known about global parasite biodiversity, inhibiting our ability to predict how global change will impact parasitic disease emergence. Using distribution and phylogenetic data for 2,386 avian haemosporidian blood parasites (genera Plasmodium, Haemoproteus and Leucocytozoon), I assessed how contemporary and historical drivers influence the composition of parasite communities worldwide.
. How parasite communities are structured, in contrast, remains poorly understood (Adlard & O'Donoghue, 1998; Araujo et al., 2015; Hoberg & Brooks, 2008; Poulin, 1995) .
Global biodiversity patterns for a wide range of free-living taxa follow a latitudinal gradient (Nunn et al., 2005; Orme et al., 2005; Wiens & Donoghue, 2004) . This is thought to be driven by the predominately tropical evolutionary origins of many taxa and by relatively stable tropical climates, which can favour net diversification (Hawkins et al., 2007; Lessard et al., 2011) . The identification of such macro-scale diversity gradients has greatly improved our understanding of how species evolve and assemble into communities (Jetz et al., 2012; Kamiya et al., 2014; Murray et al., 2015) . This understanding has expanded further thanks to a growing recognition that using phylogenetic information to assess degrees of shared evolutionary histories can provide insights into how regional diversity is created and maintained (Daru et al., 2017; Duchêne & Cardillo, 2015; Pyron & Wiens, 2013; Qian et al., 2013; Segovia et al., 2013) .
Identifying macroecological patterns of parasite biodiversity is important for managing infectious disease risks (Lafferty, 2009; Nunn et al., 2005 ). Yet in comparison to free-living taxa, considerably less is known about large-scale parasite biodiversity (Johnson et al., 2016; Poulin, 2014) , although it is reasonable to presume that general biogeographical patterns may hold (Brooks & Ferrao, 2005; Hoberg & Brooks, 2008) . Many parasite species rely on hosts that exhibit latitudinal diversity gradients (Cooper et al., 2012; Hechinger & Lafferty, 2005; Nunn et al., 2005) . Given that the diversity of hosts can impact parasite diversity by limiting niche space, these parasites should exhibit similar gradients (Poulin, 2014 ). Yet how parasites have interacted with hosts over historical time-scales could obscure these patterns. For instance, arthropod vectors, which are responsible for transmitting many harmful parasites, exhibit broad feeding preferences that can promote host shifting through time (Gager et al., 2008; Medeiros et al., 2013) . This could mask influences of environmental variation or co-diversification on parasite compositions by increasing regional mixing, especially for parasites that can spread to new areas by infecting widely dispersing vertebrate hosts Peel et al., 2013; Wells et al., 2015 Wells et al., , 2018 .
Given the importance of parasite community assembly to our understanding of evolution and to human and animal health (Soares Magalhães et al., 2015; Thompson, 2013) , studies assessing macro-scale influences of evolutionary and contemporary processes on parasite biodiversity are needed. I used a global database of avian blood parasite distributions to assess patterns of parasite diversity and phylogenetic structure. Avian haemosporidian parasites (genera Plasmodium, Haemoproteus and Leucocytozoon) are a diverse and cosmopolitan group of vector-borne blood parasites infecting birds (Dimitrov et al., 2010; Fecchio et al., 2017; Goulding et al., 2016; Soares et al., 2016) . For over a century, studies of avian haemosporidian diversity, transmission and evolutionary history have shaped our understanding of how vector-borne parasites evolve and disperse (Marzal, 2012; Valki unas, 1993 Valki unas, , 2005 Waldenstr€ om et al., 2002) . After advances in molecular screening, regional avian haemosporidian studies have yielded insights into how climate variation, geographical isolation and host switching govern parasite community assembly (Galen & Witt, 2014; Illera et al., 2015; Ishtiaq et al., 2010; Olsson-Pons et al., 2015) . The majority of these studies assessed variation over limited geographical scales and did not account for evolutionary processes, inhibiting our understanding of how regional and historical influences interact to shape haemosporidian biodiversity.
I compiled distribution and gene sequence data for > 2,000 haemosporidian parasite lineages from an open-source database (MalAvi; http://mbio-serv2.mbioekol.lu.se/Malavi/; Bensch et al., 2009) . Using phylogenetic models, I asked whether patterns of parasite community diversity and phylogenetic asymmetry across the globe are driven by environmental variation, latitude or phylogenetic b-diversity (a proxy for shared evolutionary history, herein termed 'phylogenetic uniqueness'; Holt et al., 2013) . I predicted that parasite communities would be more diverse and more phylogenetically balanced in tropical lowlatitude regions. If sharing a greater proportion of evolutionary lineages with surrounding regions reflects a higher diversity of available niche spaces (Daru et al., 2017) , I also expect community diversity to increase in regions exhibiting decreased phylogenetic uniqueness.
| M E TH ODS

| Parasite distributions and phylogenetic reconstructions
Parasite distributions and sequence data were downloaded from MalAvi, accessed October 2017. This database contains information on sampling locations and avian host species in which haemosporidian lineages have occurred. Parasites are detected by PCR and identified by amplifying a fragment of the cytochrome b (cyt-b) sequence. As evidence suggests that lineages differing by as little as one cyt-b nucleotide are reproductively isolated , I referred to each unique cyt-b lineage as a unique parasite. The dataset contained 8,001
observations for 2,585 parasites across 461 sampling locations, compiled from 303 sources (the dataset is available in Supporting Information Appendix S1). For sample locations with missing geographical coordinates (3,544 of 8,001 observations), latitudes and longitudes were assigned using central coordinates of the country where sampling occurred. Considering the global scale of the data and that sample sites were grouped into zoogeographical regions before analyses (see below), using central coordinates for sites with missing data probably had minimal influence on inferences. I subsetted the data to include only parasites with an associated sequence covering a 405 bp barcoding fragment , ensuring that phylogenetic information was available for all analysed parasites. The resulting dataset contained distribution and sequence data for 2,386 parasites (894 Haemoproteus, 875 Plasmodium and 617 Leucocytozoon parasites; Table 1 ). Note that information on numbers of individuals infected is not available for many entries in the database, and so parasite prevalence and host specificity metrics were not included in analysis.
A 405 bp alignment of parasite cyt-b sequences was used to reconstruct estimated genus-level phylogenetic relationships in BEAST v1.8.1 (Drummond & Rambaut, 2007) , accessed on the CIPRES Gateway (Miller et al., 2010) . To account for uncertainty in phylogenetic inferences attributable to choice of substitution model, I ran two analyses for each parasite genus. The first used a general time reversible (GTR) model and the second used a GTR model with g-distributed rate heterogeneity and invariant sites. A Yule speciation prior was specified for both models. Two Markov chain Monte Carlo (MCMC) chains of 50,000,000 generations were run for each analysis, sampling every 10,000 and with a 20% burn-in. Chains were examined visually for stationarity and convergence using TRACER v1.6.0 (Rambaut, Drummond, Xie, Baele, & Suchard, 2018) . For each genus, I combined posterior distributions from the four chains and randomly drew 100 trees for analyses (the 100 parasite trees drawn for each genus are provided in NEXUS format in Supporting Information Appendix S2).
| Climate-variable extraction and spatial clustering of sampling locations
The primary goal of this study was to attribute variation in parasite diversity and composition to local environmental variation and regional phylogenetic uniqueness. I proceeded first by extracting climate data for sample sites to use as environmental predictors. As variation in temperature and precipitation play important roles in environmental filtering for a range of taxa (Hawkins et al., 2003; Wiens & Donoghue, 2004) , I extracted the mean temperature of the coldest quarter and precipitation seasonality (coefficient of variation) for each site. These are particularly appropriate because avian haemosporidians are typically transmitted by ectothermic arthropod vectors relying on freshwater (Santiago-Alarcon, Palinauskas, & Schaefer, 2012; Valki unas, 2005) and because minimum temperature variation influences haemosporidian community structure (Clark et al., 2017; Loiseau et al., 2012 (Table 1) , resulting in 53 data points for analyses.
| Parasite community phylogenetic b-diversity, diversity and skewness
To describe variation in the phylogenetic compositions of parasite communities, phylogenetic b-diversity (b div ) was calculated for Note. Zoogeographical regions follow definitions provided by Holt et al. (2013) .
regions using presence-absence matrices (Tsirogiannis & Sandel, 2015) . Mean b div between each region and remaining regions was then calculated, yielding a metric that describes how phylogenetically 'unique' parasite communities are with respect to the global species pool (higher mean b div indicates higher uniqueness, which reflects low shared evolutionary history; Daru et al., 2017; Holt et al., 2013) .
To assess predictions that variation in phylogenetic uniqueness is related to community diversity and composition, two metrics were calculated as response variables. First, parasite phylogenetic diversity for each region was calculated using mean pairwise phylogenetic distances within a community. Total counts of bird species sampled and parasites recovered varied strongly among zoogeographical regions (Table 1) , which could influence diversity calculations in unforeseen ways. For example, low counts of sampled host species, such as those observed in the Mexican, Panamanian and Tibetan regions (Table 1) , could lead to either underestimated diversity (if only a certain portion of the existing parasite phylogenetic make-up is recorded) or perhaps to inflated diversity estimates (if only the most distantly related parasites are recorded). To account for this potential bias, I calculated standardized phylogenetic diversity using the net relatedness index (Webb et al., 2008) , which compares observed phylogenetic distances against distributions of expected distances gathered from equal-sized null communities (drawn from the global species pool) to determine whether a particular assemblage is more closely related than expected by chance.
Second, parasite phylogenetic community skewness was then calculated using pairwise distance distributions. This metric estimates phylogenetic symmetry and will be greater than zero (positively skewed) if communities are made up of relatively more closely than distantly related species, suggesting possible environmental filtering governing colonization or diversification (Schweiger et al., 2008) . All metrics were scaled to range [21,1] to facilitate comparisons among parasite genera.
Phylogenetic uncertainty was captured by repeating community metric calculations over the 100 randomly sampled trees for each genus (Supporting Information Appendix S4).
| Statistical analysis
I tested for possible influences of phylogenetic uniqueness, latitude (absolute value of sampling latitude) and environmental variables on phylogenetic diversity using a hierarchical linear regression with Gaussian error distribution. Parasite genus was included as a random 
| Consistent differences in biodiversity patterns between parasite genera
Non-overlapping regression intercepts highlighted broad differences in biodiversity patterns among parasite genera. Plasmodium communities were on average much less diverse but more phylogenetically balanced than communities of the other parasites (Figure 2 ). In fact, 16 of 19
Plasmodium communities were negatively skewed, consisting of relatively more distantly than closely related parasites (Figures 1 and 3) .
Haemoproteus communities were, on average, the most diverse of the three parasites. Average skewness was similar for Leucocytozoon and Haemoproteus communities (Figure 2 ).
| Effects of outliers and standardized phylogenetic diversity metrics
Owing to the strong outlier communities observed for each parasite genus, regressions were repeated after their removal. Results were broadly consistent, with the exception that the negative influence of phylogenetic uniqueness on Plasmodium community skewness became strongly significant (Supporting Information Appendix S5). I also repeated analyses using non-standardized phylogenetic diversity metrics (instead using mean pairwise distance), because the process of standardization through comparison with null communities might mask FIG URE 3 Density distributions of pairwise phylogenetic distances for Plasmodium parasite communities, arranged by increasing mean b-diversity (where higher mean b-diversity indicates higher phylogenetic uniqueness). Communities with concentrated density to the left of the distribution and long tails to the right are positively skewed, containing relatively more closely than distantly related parasites. Communities showing the opposite pattern are negatively skewed and considered more phylogenetically balanced, containing relatively more distantly than closely related parasites. Colours match the colours of regions in Figure 1 important influences of species richness on phylogenetic diversity. The results were again similar, although effect sizes and proportions of variance explained were generally weaker and much more variable (Supporting Information Appendices S6 and S7).
| DI SCUS SION
Uncovering factors influencing parasite community assembly is important for predicting disease emergence, outcomes of reintroduction programmes and risks of host-parasite co-extinction (Agosta et al., 2010; Lafferty, 2009; Moens & P erez-Tris, 2015; Thompson et al., 2017; Viggers et al., 1993) . My global analysis of avian haemosporidian communities identified hotspots of diversity and uncovered consistent variation in biogeographical structure among parasite genera. However, I found no evidence of a latitudinal diversity gradient. The phylogenetic uniqueness of communities appears to be a strong indicator of regional diversity and, to a lesser extent, of compositional asymmetry. Collectively, these results suggest that variation in haemosporidian diversity might reflect fundamental differences in parasite host-switching tendencies or the location and timing of avian evolutionary radiations.
| What drives haemosporidian parasite diversity around the globe?
Avian haemosporidian communities showed no evidence of a latitudinal diversity gradient. This finding was consistent across parasite genera, rejecting predictions and contrasting examples from several hostparasite systems. Latitudinal diversity gradients have been observed for protozoan parasites of primates (Nunn et al., 2005) , viruses of rodents (Bordes et al., 2011) and ectoparasites of fishes (Rohde & Heap, 1998) , among others. Variation in host diversity is commonly cited to drive this pattern (Poulin, 2014) . Yet although avian diversity shows a prominent latitudinal gradient (Duchêne & Cardillo, 2015; Hawkins et al., 2007; Orme et al., 2005) , haemosporidian diversity does not. My results agree with a number of studies demonstrating little or no evidence for a latitudinal parasite diversity gradient. Many of these were summarized by a recent meta-analysis, which found no clear relationship between latitude and parasite species richness (Kamiya et al., 2014) . In fact, several results analysed by the authors showed an opposite trend, with parasite diversity increasing at higher latitudes (Kamiya et al., 2014) . It should be noted that I did not include aspects of host diversity as predictors in models. As the scope of this research was to describe variation across biogeographical units, analyses including relatively coarse data variables that can be measured accurately (such as long-term averages of environmental variables) are appropriate. However, capturing variation in host diversity and phylogenetic make-up will probably require site-specific data on host occurrences (and ideally, host abundances) and migration behaviours, and will ideally account for possible spatial autocorrelation (Boyer et al., 2016) . Exploring impacts of host assembly patterns on parasite assembly outlines a fruitful area for future research, and one that should ideally include aspects of vector diversity as another possible driver ( Ziegyt _ e & Valki unas, 2015).
In lieu of a latitudinal gradient, other explanations are required to understand global-scale patterns in haemosporidian diversity. Of particular interest are the prominent differences I identified among parasite genera. Haemoproteus communities were consistently more diverse, whereas Plasmodium communities were the least diverse of the three parasites. This could reflect parasite host-switching capacities. Numerous studies note reduced host specificity and weaker matching of host and parasite phylogenies for Plasmodium compared with Leucocytozoon and Haemoproteus parasites (Beadell et al., 2004; Clark et al., , 2016 Jenkins et al., 2012; Lauron et al., 2014; Olsson-Pons et al., 2015) , although this pattern is certainly not universal (Moens & P erezTris, 2015; Moens et al., 2016; Ricklefs & Fallon, 2002; Ricklefs et al., 2014) . For Plasmodium communities, a greater tendency for host switching could reduce diversity if fewer parasites occupy relatively wider niche spaces in a region (Cooper et al., 2012; Norton & De Lange, 1999) . My results therefore highlight an important and testable hypothesis, namely that parasite host specificity influences community biodiversity. As the present study was carried out on a community level, and data deficiencies prevented robust analysis of parasite host specificity, I can only speculate on how host-switching tendencies influence regional diversity. Notably, a recent regional study by Clark et al.
(2017) did test whether haemosporidian host specificity influenced particular patterns of parasite community assembly, finding no evidence of a relationship (although other evidence suggests that host specificity might play a role in haemosporidian dispersal; see below). However, incorporation of host specificity in global parasite biodiversity analyses should be considered to test the generality of this finding. This ideally will incorporate numbers of host individuals infected and information on local host communities, as these data can help to determine whether parasites are infecting more closely related hosts than expected by chance (Doña et al., 2017; Wells et al., 2012) . Other possible drivers of haemosporidian diversity include vector diversity and vector feeding habits (Foley et al., 2007; Kim et al., 2009) Despite my findings of no latitudinal gradient, it is important to note that my results could be impacted by biases in sampling effort (Cooper & Nunn, 2013) , as studies of avian haemosporidians are strongly concentrated in higher latitudes in North America and Europe (Clark et al., 2014) . In the present study, diversity comparisons were standardized to account for uneven numbers of recovered parasites, and general patterns held when using unstandardized diversity estimates (i.e., using mean pairwise distance instead). But this does not mean that sampling bias was entirely accounted for, as this would require detailed data on numbers of host individuals and the diversity of available habitats that have been surveyed (White & Hurlbert, 2010) . Unfortunately, numbers of individuals sampled are not consistently entered into MalAvi submissions. Although it would be tempting to use the total number of host species sampled as a proxy of sampling CLARK effort, this is misleading. For example, the New Zealand region registers only 11 sampled avian species in the database, which could be misinterpreted as low sample effort overall. Yet Clark et al. (2017) used literature searches to record that > 2,000 individual birds had been sampled for haemosporidians in New Zealand. Detailed literature searches performed on a global scale will be required to gain a better perspective of how sampling effort influences biodiversity analyses.
Another factor that might have had some influence on my results is the influence of previous and ongoing biotic homogenization on parasite occurrences. Haemosporidian parasite invasions are known to have occurred in many areas throughout the world (Marzal et al., 2014) and might have a particularly strong influence on parasite diversity estimates in previously depauperate regions, such as Pacific islands . Although it is difficult to trace the origins of haemosporidian lineages (Ewen et al., 2012) , this pattern should be considered when interpreting my results.
| Global relationships between phylogenetic uniqueness and diversity
Regions exhibiting increased diversity consistently showed increased phylogenetic uniqueness. This suggests that diverse communities share less of their evolutionary histories with surrounding regions (Holt et al., 2013; Murray et al., 2015) . In the presence of a diversity gradient, where diversity increases in the tropics, we would expect these diverse and unique regions generally to occur in the tropics (Daru et al., 2017; Wiens & Donoghue, 2004) , particularly as tropical regions harbour higher diversities of avian hosts and arthropod vectors (Beier, 1998; Orme et al., 2005) . This would be somewhat consistent with the tropical niche conservatism hypothesis, which postulates that tropical regions favour high net diversification and limited dispersal of evolutionary lineages to non-tropical areas (Lessard et al., 2011; Wiens & Donoghue, 2004) . In the present study, tropical communities in the Amazonian, Panamanian and Papua-Melanesian regions were diverse and showed high phylogenetic uniqueness, lending some support to tropical conservatism. Yet unique and diverse regions did not always occur in the tropics. Indeed, parasite communities in temperate China were highly diverse for all three parasites, and Leucocytozoon communities in North America and Eurasia showed a similar pattern. Recent avian radiations may partly explain some of these findings. For example, the strong outlier communities observed overlap regions in Asia and southern North America that all exhibit relatively high numbers of bird species arising from recent radiations (Jetz et al., 2012) . If host switching is a relatively rare evolutionary event for haemosporidians (Hellgren et al., 2007) , this pattern of high parasite uniqueness in areas overlapping recent explosions in host diversity could indicate that parasites have also diversified, but have not yet dispersed to surrounding regions.
Two haemosporidian community studies shed further light on mechanisms influencing parasite biodiversity (Clark et al., 2017; Hellgren et al., 2007) . Hellgren et al. (2007) used phylogenetic evidence to show that dispersal to new biogeographical zones is relatively rare for Haemoproteus parasites over evolutionary timescales. This is likely to reflect high host specificity, because Haemoproteus parasites are more commonly described as host specific and less capable of shifting hosts than parasites from the other genera Galen & Witt, 2014; Hellgren et al., 2009; Huang et al., 2015) . Clark et al. (2017) showed low phylogenetic uniqueness, are connected by millions of migratory birds that share at least some phylogenetic ancestry with many of the study regions (Holt et al., 2013) . South and Central
American bird communities, although possessing a similar migratory flyway, are less historically connected to the global species pool (Holt et al., 2013) and exhibited phylogenetically distinct Haemoproteus communities. Broadly, these findings suggest that historical mechanisms that have shaped host community assembly might be more important than contemporary environmental barriers in driving parasite assembly. Such information can be helpful for creating phylogenetically informed models to predict how parasite communities will respond to global climate change and biotic homogenization (Brooks & Hoberg, 2007; Wells et al., 2018) .
| Community skewness and the possible roles of environmental filtering
I found that more globally unique Plasmodium (and to a lesser extent, Leucocytozoon) communities are also more phylogenetically balanced.
Put another way, regions with more distinct evolutionary histories are less likely to be composed predominately of radiations of closely related Plasmodium parasites. This may be expected if closely related parasites compete for resources and are less likely to co-occur, particularly in regions that may not harbour a high diversity of available niche spaces. Findings by Ricklefs et al. (2014 Ricklefs et al. ( , 2017 may also partly explain this pattern, as the authors found that sister parasite lineages often occur in hosts occupying different regions. If parasite assembly is facilitated by (a) local shifting to new host species, and (b) dispersal alongside these new hosts to new biogeographical regions, then closely related parasites should be less likely to co-occur locally. This mechanism of host shifting driving parasite assembly has been argued by several recent studies to impact parasite biodiversity patterns strongly (Doña et al., 2017; Galen & Witt, 2014; Ricklefs et al., 2014 Ricklefs et al., , 2017 . dencies, similarities in host phylogenetic make-up or the timing of avian host evolutionary radiations. Yet although I have uncovered broad biogeographical differences among parasite genera and identified diversity hotspots, disentangling these patterns to identify causal mechanisms requires further study. In particular, a broader suite of molecular markers to increase phylogenetic resolution and more adequate sampling of avian haemosporidians over time are required to assess how community structure responds to temporal variation in climate and host community structure Fallon et al., 2004; Hellgren et al., 2014) . Understanding influences of shared evolutionary histories on the diversity of parasite communities will lead to an improved understanding of factors that govern the global spread of disease-causing parasites. 
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